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‘The . T. T. Rockefeller Generator wee used as a souree 
of protons rer a study of the p,m reaction on 2 and „ 
A 1.4 Kev chlorine target and u 5,0 Kev sand um target 
were used, The Rockefeller denerator was equipped with a 
proton magnetic moment resonance field control for measuring 
and contreliing the proton energies. A long counter was used 
for neutron detection, the yield of which showed a number of 
maxima. The proton kinetic energies at which these maxima 
occur are tabulated, but are not corrected for the effects 
due to the thickness and possible surface contamination of 
the targets, end motion of the center of mass, These val~ 
aes when corrected and combined with the binding energies 
of a proton in the compound nuelei give the energy levels 
in the compound nuclei, imergy level spacings, obtained 
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During the nineteenth century, a great deal of work 
was done on optics] spectra snd atomic energy levels. Fron 
this grew our present day quantum mechanical piloture of 
atomic and molecular structure, The present work on nuclear 
energy levels is expected to lead to a siniler improvement 
in our knowledge of nuclear structure. 

One method of observing nuclear energy levels is by 
means of the (p,m) reactions 


110 „ -l neg 

It is experimentally known that the neutron ylelds from 
(pen) reactions exhibit maxima at certain energies of the 
bombarding protons, The Breit-Wigner theory attempts to 
explain this as a resonance phenomencn. When the kinetic 
energy of the proton (Ep) approaches certain oritical vale 
ues, the total energy of the initial state (terget nucleus 
plus proton) corresponds to the energy levels of the som 
pound nucleus. However, the proton kinetic energies at 
which maxima in the neutron yields occur differ from these 
eritieal values because of the thickness and possible sur- 
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face contamination of the target, the displacement of the 
peak due to the effect of neichboring peaks, and motion of 
the center of mass, by making corrections for these effects, 
and knowing the binding energy of the proton, the observed 
proton energies of the mexima lead to energy levels of the 
compound nucleus, (ses diagram) 


INITIAL STATE INTERMEDIATE FINAL STATE 
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4ithough a nunbar of other reaet ions give the same 
results, the (p,m) reagtion was used for the following rea- 
sons, The Rockefeller generator provides a convenient 
soures of protens of good energy resolution, The product 
particles, neutrons, are easily detested. Since they are 
uncharged, they have a long range and penetrate the target 
which steps all of the bombarding protons, Thus the gas- 
gureéd yield ia all due to the neutrons as none of the pre- 
bons get to tha counter. 

Previous work has been done on energy levels in light 
muolel using the (p,n) reaction, A summary ef this work is 
given by Richerds et al (RI), The (Den] resection in man- 
ganese has been studied by MoOue and Preston (#1), and in 
seandium and vanedium by Baker, Howell, Goodmen and Preston 
(Bl, 2). The latter used the l, T. T. Rockefeller generator, 
but a proton resonance system which controls the magnetic 
field has been installed subsequently. This allews auch 
better resolution of the proton energy, which together with 
the use of thinner targets, results in nuch better resolu- 
tion of the peaks in soandiun, 

The threshold energies of chlorine and scandium are 
low enough (1.6 and 2.9 Mev respectively) to permit the 
use of the Rockefeller generator. Although these are no- 
derately heavy nuclei, their coulomb barriers (5.3 Mev for 
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chlorine and 6.1 Mey for scandium) are low anough so that 
satisfactory yields could be obtained, The level spacinga 
of the eompound navelei are sufficient to perait the obser- 
vation of a fair number of levels under the conditions of 
this experiment, and targets of these elements are fairly 
easy to prepare from readily available saterials, 
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General: The Roskefeller generator (1, J1) is an 
electrostatic generator whieh hes been adapted as a pro- 
ten eocelerator., The protons of desired energy were bent 
through 90° by a magnetic field, They then struck the 
target, which was composed of a layer of the desired sle- 
ment on a tantalum backing. me resulting neutrons were 
then detected by a 353 proportional counter, surrounded 
by pereffin, After amplification, the puless were counted 
on a sealer. 

Eroton Energy: The proton energy was determined from 
the intensity of the magnetio field, measured by the pro- 
ton resonance method,” which ls desoribed by Hadden (13). 
The fundamentel non-relativistic equations dealing with this 
meagurement are given below. 

The expression for the force on a charged particle 
moving in a magnetic field is: 


K AE m= mass of proton 

Vv - 2 v= velocity of proton 
1 2 4 25 * i. K radius of curvature 
Ee K ·² B= magnetic field 

e = velocity of light 
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charge on electron 
energy of proton 

torque 

magnetic mouent of proton 
— 1 between lor I) 


angular nomentun of pro- 
ton 


frequency of precession 
of on in magnetic 
* 


gyr omagnet 10 ratio of a 
proton — 


proton angular momentum 
constant 
constant 


Therefore, the energy of the protons is proportional to 
the square of the frequency, which 1s measured with d fre- 


quency meter. 


For the determination of the proportionality 


constant ,k, which relates proton energy to frequency, the 
1” threshold (Eo „1. 8622 Mev as measured by Herd (Hl, 


B2) ) was used. 


fo * 10.485 MCe 
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Therefore, 


The frequency corresponding to this Ey is 


2 2 
k = E,/t, * . „0.017121 wMev/(me) 
= 17,121 kev/(me)* 
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This value of k was used in the present work, Substential 
changes in k result from read justments of the proton reso- 
nance apparatus, In addition, there are minor variations 
in k as discussed below, 

The ecourecy of the measured value of the energy of 
the beam ig limited beesuse of the following? 

1. A possible veriation of the value of k with energy. 
Thie has deen studied by Frasten and Steleon (Pi) using the 
mess 1 and 2 beams on a (p,¥) resonance In aluminum at 993 
Key, The error was found te be lese than 1 part in 3,000 
in the absolute value of the beam energy. 

2, The frequency oan be measured to 1 part in 100,000, 
and sinee the energy ie proportional to the square of the 
frequenoy, this causes an error of 2 parts in 100,000 in 
the value of the beam energy. 

3, The width of the beam-defining slits could per- 
mit a nexium error of 15 parte in 10,000 in the bean ener- 
. Tor 40 mil slits, and 7,5 parts in 10,000 for 20 mil 
elite. The sotuel error is probably less than half of 
these, This was determined by Preston and Stelson (71). 

he The value of k is determined from the (pen) 
threshold of 147 (Hl, H2), and this causes an error of 
1 part in 1000 in the beam energy beoause of the uncer- 
tainty in the 14” threshold. 
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Se A dritt in the valus of k eines the last 6811 
bration, using the 4 threshold, may cause an error of 
1 pert in 2000 in the beam energy. The reason for this 
drift is unknown, 

6, The use of the non-relativistic equetion intro. 
duces an error., The calibration is such thet this error 
ia zero at B According to Preston (a] the error is about 
1.7 Kev at a proton energy of 301 Mev (the highest energy 
used], and is lese for lower energies. 

In addition do the above, which oause an uncertainty 
in the beam energy prior to striking the target, the thicke 
ness and surface contamination of the target cause a further 
uneertuinty in the energy of the reasting protons. Because 
of the care used in the preparetion and use of the targete, 
and the ability to reproduces date, it was assuned that sure 
face contamination was negligible, end 414 not build up during 
the experiment. The upper limit to the target thickness, 
Gisouseed in a later ssotion, sets an upper limit to the 
uncertainty in the energy of the protons due to this cause, 
Gonsidering all of these factors, it is satimated that the 
values of the proton energies, relative to Herb's measured 
value of the 247 (p,n) threshold, are accurate to within 
0. 1%. 

Instrumentation: The long counter used to detect 
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neutrons consisted of an enriched uF, counter tube, sure 
rounded by pareffin, almiler to that deseribed by Hansen 
and MoKibben (Hh). The paraffin cylinder was 8% in dlemeter 
and 10% in length, and was surrounded by cadaium This 
counter differed from that of Hansen and Uokibben in that 
mo holes were provided in the faeces of the pareffia, The 
eounter tube had the following specifiestions: 


Cutelde dianeter * 

Wall Thieknesa 0.042" of brags 
Aotive volume 10%é9 in length 
Canter Wire 2 mil tungsten 
wane i Sioss °* 
Operating voltage 2200 volts 


The long counter was mounted with the axis of the cylinder 
perpendioular to the direotion of the proton beam as shown 
in the sketch below. It was used in this position in order 
to subtend as large a solid angle as possible. Since the 
neutrons may be smitted anisentropically in the center of 
mass system, this arrangement reduced the possibility of 
not detecting peaks in the yield curves because of the 
angular distribution of the emitted neutrons. Tt was 


checsed at the start and finish of each individual run 
with a standard Ra- be neutron source. 
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The data on the other instruments used are: 

Preamplifier: Laboratory for Nuclear Selience and Engineer- 

ing, M. I. T. „ Model 100, 

Amplifier: Laboratory for Nuclear Seienoe and Engineering, 
M. TI. T. „ Model 100, The preamplifier and ampli- 
fier are discussed fully in Elmore and Sands 
(EI). The amplifier had a gain of 10,000, 2 
rise time of 0.5 micro seconds, and a clipping 
time of 2 micro seconds, 

Sealer: Atomic Instrument Co, Model 103. Resolving tine 

5 micro seconds, 
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Regulated High Voltage Supply: . T. T. Servo Lab., Elec 
tronie Nuclear Instrument Project. Zlece 
tronienily stabilized, 

Frequency ifeter: General Redio Go. Model 271, 160 ko 
15 m. 

The amplifier, preamplifier, and high voltage supply 
were run from a voltage reguleting trensformer with a sine 
wave output. 
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The seendium targets were made from 3e, prepared 
by Johnson and Melthay and Co., Ltd. of London, Th was 
obtained from the Jarrell Ash Go. of Boston, Massachusetts, 
The oxide was certified "“spectrographically standerdiszed,* 
Baird Associates of Cambridge, Massachusetts made the tare 
esta using the method developed by ker and Howell (2). 
The scandium targets were not thicker than 5 Kev, This 
upper limit was determined from the width of the narrowest 
peak measured at half ite maximum amplitude, A target used 
by Baker et al was available, but almost no yield of neutrons 
was obtained from this target. Apparently the targets des- 
terlorate over a period of tine, so thet targets used in 
this work were made very shortly before being used, Between 
runs they were stored in a vacuum to minimize any contamine 
ation or oxidetion. “hile being bombarded with protons, 
the targets were continuously cooled by a atream of air to 
reduce evaporation of the scandium, In order to ensure that 
no changes took place in the target during a run, a measure-~ 
ment of the same peak was made at the start and finish of 
ach individual run. Using these methods, no difficulties 
were encountered with the targets, 
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The chlorine targets were sxde from Nal, prepared 
“ty Tohnson and welthey and dee 26d. of Lenden. Tt was 


* obbalnad fron the Jarrell Ash oo. of Boston, Massachusetts, 
muse NaCl was of a high degree of purity, and was certified 
‘“gpeotrographically Standardized,” Lines of ailver, op- 
per, and magnesium were faintly visible, Lines of oaledum 
Were very faintly visible. Tron and silicon lines were de- 


tected, but were fainter than those seen using plain eleo- 

trodes, ao their presence is doustful, The above is from the 

report on the ad issued by the Johnson end Malthey Cos 
Baird Associates of Gambridge, Massachusetts made 

the chlorine targets, using the method deseribed by Baker 

and Howell (i) for the preparation of vanadium targets. 


mne threshold energies of Na (½] and 027? (13) were weld 


above the energiss used, so thet they did not enter into the 
Peaction, The target used for the energy level mecsurements 
im the chlorine work was not thicker than 1,5 Kev. ‘The tar~ 
get used naar threshold was not thicker than 4.3 Kev, At 

first, diffieulty wes experienced with the chlor ine targets 
Ghanging during a run, When checking a peak at the ond of 
& run, ite maximum amplitude would be much less than it had 
deen at the start of the run, However, by keeping the bean 
current below 3 Moro amperes, and using a spray of cooling 
water on the target, in addition to taking the precautions 
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dsseribed for the seandium targets, this difficulty was 
OVErCOMe > | 

Tt was assumed thet effects due te surface contamine 
ations on the chlor ine and seandium tergets were negligible, 
Thies assumption is based on the method used to make the tere 
gets, the fact thet they were stored in vacuum in between 
runs, and the ability to reproduce data, 
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nl The neutron yield from the chlor ine 
target was measured over on energy range from 1,550 Mer 
to 2.510 Mev. 

Prom 1.550 Mev te 1.641 Mev, the neutron yield ob- 
served was constant at a background of 0.1. 4 the pro- 
ton energy was increased, the neutron yield started to 
inerenss, This inorsase ccovred just above the threshold 
of the reaction, Figure 1 shows a plot of the results 
near the threshold, from 1.630 Mev to 1. 700 Mev. The ree 
gion from 1.550 fe to 1.630 tev is not shown in this fige 
gure, aince the yield was a constant as previously gen- 
tioned, The threshold* for the reaction was taken as the 
energy at which the rise in the yield curve started, or a 
Value of 1,641 + 0.002 Nev, ‘This error is due to the 0. 
uncertainty in the proton energy. as previously discussed, 
This value agrees very closely with 1.640 + 0,004 Mev as 
measured by Richards et al (Rl). 


vor neutrons emitted at 0° with respect to the dire 
eotion of incident protons, 
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NEUTRON YIELD FROM 
Cl tpn) 7 


. NEAR THRESHOLD 
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1.650 1.675 700 
PROTON ENERGY - Mev. 


>; 


186 


019” (bn) threshold = 1641 + 2 Kev 
“Qe 2 5 + 
ee (2Ou1 2 2) 1596 » 2 Kev 


= 0.001716 + 0.000002 am 
Mass difference” (437 ~ 6137) = » ¢ = (np) i 
447 ~ 0137) = 0, 001726 + 0.000002 + (0.000840 + 0.000005)" 
= 0.000876 » 0.000005 anm 


The background was determined by measuring the counting 
rate obtained when a pure tantalum target was used. It is 
shown on Figure 1, The experimental points are shown by 
the circles, The magnitude of the probable error in these 
points 18 indicated along the axis of ordinetes, 

Figure 2 shows a plot of the results from 1,670 Mev 
tO 2.510 Mev. The background was omitted from this ourve 
because it was negligible, The probable error at high 
yields is indicated, but at lew yields it is too small to 
be shown, Yor the sake of clarity, the experimental points 
are not indicated on Figure 2. 

Figure 3, the region from 2,375 Mev to 2.510 Mev, 
plotted to a lerger scale, shows experimental points, The 
probable error of these pointe is lease than the size of the 
Gircles indicating the pointe, This plot is included to 
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show the spacing of the points, and ic typical of the en- 
tire energy region investigeted. 

Table 1 lists all of the peaks in the neutron yield, 
The narrowest peak found, et 1,839 Mev, had a width of 1.8 
Kev at half its maximum amplitude, This width was due to 
the energy spread, the target thickness, and the actusel 
width of the level, Thus this value of 1.6 Kev sets an 
upper limit to the target thickness, The terget thickness, 
meesured in Kev, 4eerenses with increasing energy. If the 
energy spread remains constant, the greater width of other 
peake would be due to an seotucl inerease in the width of 
the levals. 


2. (pan) za": Prom 2.760 Mev to 2.913 eve the yield 
from the soondium terget was practicaliy constant, varying 
from 2.3 to 3.0 + 0,07, At 2.913 Mev the yield rose sharply. 
indicating that the threshold? for the reaction is at 2.913 
2 9-003 Mev. This agrees fairly well with the value of 
2.85 Mev obtained by Taschek (21). A plot of the results 
from 2.894 Mev to 3.126 Mev is shown in Figure he 

305 (p, n) 745 threshold = 2913 + 3 Kev 
* 1 (2913 + 3) = 2650 2 3 Kev 
* 0.003061 » 0.000003 am 


3. Yor neutrons emitted at 0° with respect to direotion 
of inoldent protons, 
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TABLE 1 37 a 
RESONANCE PRAKS IN NSUTRON YIELD, mon 61°" (, n) 
Error in B+ 0.18, relative to 147 (p,n) threshold 


Width at Separation 
Frequency of Energy of Amplitude half max, from 
e eee 2 . 28 He - 


2 32 
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Thiok target - near threshold: 


9e GOG Le Git, Lo 3 * 2 a2 
9.831 1.655 Le} 4e3 11 
9.860 1.666 005 3 
9,871 1.669 Ook 9 
90897 1.678 0025 4 
9-910 1,682 105 4 
Go 922 1,686 503 500 6 
90939 1.692 11.3 bok 
Thin target - entire range: 

90799 1. 64 1.0 1 
9.83 1.655 1.0 11 
9. 86 1. 666 905 3 
9.873 1,669 Oe5 9 
9 900 1.676 0.2 45 
9.912 1.682 1.2 4 
Go 92k, 1,686 305 19 5 
Fo 9 1.691 7e5 1.8 3 
90954 1.696 2.0 7 
90973 1.703 302 hod 19 

10.030 1.72 200 bo? 7 
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TABLE 1 (eontinued) 


Width at Separation 
Frequency of Energy of Amplitude half max. from next 


~- 0% 


1 24. 


10.050 1.729 305 306 5 
10.064 1.73% $05 1.0 7 
10.084 1.742 1.3 5 
10.099 1.7 12.3 1.3 3 
10.115 1.731 3.0 4, 
10.126 1.733 10.5 3.1 9 
10.131 1.761 7.0 302 9 
10. 177 1.773 10.3 2.3 5 
10.192 1.778 ho? 1.1 4 
10.213 1.786 302 3 
10.224 1.789 1.6 7 
10.243 1.796 hel 1.3 9 
10. 267 1.803 305 2.3 5 
10.283 1.810 1.3 1 
10.293 1,81, 11.0 2.7 5 
10. 307 1.819 13.3 2 
10,313 1.821 12.3 12 
10. 348 1.833 7. 0 3 
10. 355 1.836 2.3 3 
10.363 1,839 10.0 1.6 7 
10.383 1.66 3.3 2 
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TABLE 1 (continued) 


3 
10. 398 1.852 12.0 1.1 4 
10.410 1.833 6.5 ” 
100430 16862 1.3 7 
Webbs 1.869 1.3 el 4. 
10.60 1.873 10 2.2 3 
10. 467 1.876 705 5 
10.481 1.881 17.0 Zo2 4 
10.493 1.885 605 2 
100499 1. 667 6⁰ 5 
10.512 1.892 27.5 302 4 
10. 323 1. 896 6.3 * 
10.535 1. 900 2.0 3 
10. 54 1.903 25 7 
10.564 1.910 205 6 
10.578 1.916 300 3 
10. 588 1.919 9.0 2.9 9 
10.612 1. 926 he? 3 
10.621 1.932 305 3 
10.628 1.93 30.5 2.0 4 
10.640 1.938 9.2 ky 
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TABLES 1 (eontinued) 


width at Separation 
Energy of Amplitude max, from next 


* 
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10.649 Le G2 4900 2e3 


5 
10.664, 1.9 1505 8 
10.685 1.955 bed 2 
10.691 1.957 8o2 4 
10. 701 1.961 10.2 4 
10.734 1. 965 25.0 209 il 
10.742 1. 976 11.6 5 
10. 736 1.981 2705 6 
10.772 1.987 67. 3 bee 1 
10.784 1.991 2300 6 
10. 800 1.997 7.0 . 
10.810 2.001 11.5 303 10 
10,838 2.011 9o5 J 8 
10,856 25019 2005 302 8 
10.881 2.027 473 103 16 
10. 923 2. 0.3 26,0 3 
10.932 20046 MoS 6 
106 948 20052 17.5 4 12 
10. 980 20064, 13.0 309 13 
11.013 20077 305 5 
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TABLE 1 (continued) 


Width at Separation 
Energy of Amplitude N= from next 


6 
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11.026 2.082 705 


3 
11,034 2.085 10.0 5 
11,048 20090 21.0 5 
11.001 20095 4909 holy 1 
11.090 2.106 605 7 
14.110 2,113 2305 3.4 12 
11. 1 2.125 3505 hyo 5 
11.154 20130 3105 6 
11. 170 20136 11.0 1 
11.199 2. 17 2.5 3 
11. 206 20150 bod bo? 10 
11.233 2. 160 7.2 7 
11.250 2. 167 17.0 bod 7 
11,268 2. 17% 905 Sel 7 
11,286 2.181 6.5 5 
11, 300 2.186 7.2 4 
11, 310 20190 2905 305 20 
11, 362 2.210 3650 302 6 
11.375 2.216 bed 7 
11.39% 20223 58.0 5el 5 
11.406 2. 22 4005 ta 
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TABLE 1 (continued) 


Width at Separetion 
Frequency of Energy of Amplitude helf max. fr 
OE = iB. RKK N peak e 


Ain wpe * 


116433 20238 40 U bok 


12 
11.464 2. 230 10.0 7 
11.482 2% 237 31.0 4 
11.492 2.261 7005 hob 6 
11,506 2. 267 12.3 12 
11.537 2.279 20.5 205 9 
11.559 2. 286 O Joh 5 
11.572 2.299 6.0 6 
11,586 2.299 11,0 3 
11.595 2.02 19.0 3 
11,606 2.307 2605 hob 7 
11,624 2.314 23.0 2.5 6 
11.639 2. 320 10.0 5 
11.652 2.25 Bed 5 
11.665 2.330 2605 ul 
11.692 2. os 3 
11,700 2% . 4.0 6 
11,715 2. 330 1005 4.9 4 
11.726 20354 500 4 
11.734 2. 3586 6.0 4 
11.745 2. 362 805 bof 5 
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TABLE 1 (continued) 


Width at Separation 
ay of bude hal? max, ‘from neat 


oe ie 


3 ö 
r n 


1. 727 2. 9.3 2.8 


* 


3 
44. 770 2.7 1.3 3 
11.777 2.75 32. 0 3 
11.785 2.78 27 05 2 
11.789 20360 26.9 4 
11.800 2.36. 2505 * 
14.810 Ze 385 11.5 3 
11.817 2. 391 eS & 
11,827 20395 16.5 6 
12.641 2.0% 2609 7 
11.659 2 0.0 4 
11. 868 2.¹ 22.3 309 5 
12.880 2.47 10.0 5 
21,092 2. 2 9.0 4 
12.902 20426 3.5 a 
212.908 e428 520 8 
11.926 2.536 23 306 9 
12. 950 2. U¹ 23.0 309 6 
11.963 25454 10.5 5 
12.976 2456 2005 305 7 
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29468 
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„10. 00061. f 0.000003) - (0.000840 » 6.000005 
= 00002221 + 0.000006 amu 
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The background was not measured over the energy range 
covered, because of changes mode on the generator before 
this coulé be done, However, the background in the region 
of 2.5 Mev was measured, and wes substantially the same as 
the yield obtained below threshold. The experimental 
points are shown by circles. The segnitude of the probable 
error in these points is indicated along the axis of ore 
dinates, The experimental points are connested by straight 
lines, for reasons discussed below, 

Table 2 lista a11 of the peaks in the neutron yield, 
The narrowest peak found, at 2.929 Mev had a width of 5 
Kev at half ite maximum amplitude. This sets an upper 
limit of 5 Kev to the target thickness, The resolution of 
the peaks was not considered good enough to justify fairing 
in a smooth curve through the experimental points, There- 
fore, the points were connected by straight lines to avoid 
obscuring any details, It is believed that better resolu- 
tion could be obtained by the uss of a thinner target, as 
in the ohlorine experinent. 


4% See footnote 2 on page 18. 
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üũuũ.„ prom 80 (pen) a4? 
Error in * + 0.1%, reletive to Li’(p,n) threshold 


Width at Separation 
— of nearer — * nals MAXe from nants 


13.050 20916 6.4 


& 
130059 2o 920 73 9 
13.078 2⁰ 929 6.0 bob 8 
13.096 20937 7.8 507 9 
13.116 2. 95 7.6 2 
13.122 Bo 9 Fol 11 
130146 20959 707 3 
13.439 2. 964, 19.0 505 9 
13.176 20973 10.1 3 
13.186 20978 12.0 Sez 5 
13.198 20983 11.2 5 
132210 2e 988 12.6 & 
13.216 20992 10. 4 
130228 20996 13.0 8 
12.26 300904, 902 6 
13.259 30010 9.8 6 
13.272 30016 10.3 3 
13.279 3.019 18. 6.6 8 
13.293 30027 11.7 7 
13,320 3.0 10.3 5 
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« 3% « 
TABLE 2 (Gontinued) 


Width at Seperation 


Frequency of Gnergy of Amplitude nals “Ok, from 
130322 30939 12.6 3 
130332 % O 13. 7 
13. 3he 30052 1109 15 
130358 30955 12. 2 6 
13.70 30062 Lio? 3 
13.378 30064 19.3 6 
23.90 3.070 16.0 ? 
130404 30077 1305 7 
130420 30084 1400 8 
130438 30092 1503 5 
12. A¹⁴ 3.097 13.35 6 
13.462 30103 1506 3 
13.468 3.106 18.8 3 
13.78 3.109 15.0 il 
130498 3.120 lheb 5 
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General: The yieic of neutrons was measured through= 
out, not as counts per second, but as counts per Moro coue 
Lomb of the preteen beam as determined from a beam ourrent 
integrator, In this way the counting rate wos normalized 
against any fluctuations in the beam current. Sinee no 
dorrect ion was made to the counting rate for the efflicieney 
of the long counter, the yield will be distorted at low 
neutron energica just above the threshold. 

The maximum counting rate obtained during either ex 
periaent was 14,9000 counts per 200 niere coulombs. This 
sorréesponis to 3 micro amperes striking the target for 67 
geoonds. Thus the asximum counting rete was lese than 250 
@ounts per second, with an average time between pulses of 
move than 4,000 aero seoonds, The scaler hed a resolving 
time of 5 micro seconds, the amplifier a rise time of 0.5 
Moro seconds and a Glipping time of 2 micro seconds, Since 
these times were very much less than 4,000 micro seconds, 
no corrections were necessary in tha counting rates. 

Figures 3 and 6 show the reproducibility of several 
peaks, with measurements taken at different tines, In 
order to insure thet there had been no appreciable change 
in target thickness, build up of surface contaminants, or 
changes in the overall operation of the measuring equip- 
ment due to unknown causes, the same peak was measured at 
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REPRODUCIBILITY OF PEAKS 
c A 


30 March A. M. 
30 March PM. 
31 March A.M. 
31 March PM. 


O * @ 8 


1 


x 30 March 
O 2 April 


O 30 March 
x 2 April 


60 10.780 10.640 60 11.910 30 
FREQUENCY -mc. 
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REPRODUCIBILITY DATA 
Sc*5( pn) Ti45 


Taken upon completion 
of run 

Taken halfway through 
run 


Taken initially 


13.150 13.180 13.270 
FREQUENCY - Mc. 


X Taken halfway 
through run 


O Taken initially 


13.300 
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the start end finish of sach separate run, Tt dan be seen 
that the amplitudes and positions of the maxime vary slighte 
ly, but the verietion in position is much less than the 0. 17 
mentioned on page 8. The target thickness did not change 


appreciablye 
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12 m Energies: The neutron yield from the Li 
(pen) Be” reeetion is often used as a neutron source, How- 
ever, there are two disadvantages to the use of these neu- 
trons in some experiments. The lowest energy neutrons ob- 
tainable, in the forward direction, just at the ebend, 
are 29 Kev. In addition, there is o large variation of 
neutron energy with angle of emission in the laboratory co- 
ordinates, Yor example, at a proton energy of 2.0 Mev, the 
neutron energy at 0° is 228 Kev, while the energy at 120° 
is 15 Kev. Willerd (1) tabulates the neutron energies at 
different angles for a wide range of proton energies. 

Sines both of these effects are caused by the motion 
of the compound nucleus, a heavier target nucleus would 
provide lower energy neutrons in the forward direction at 
the threshold, and also less variation in neutron energy 
with angle at all energies, 

The following expression for the energy of the neutrons 
from the se” (p.) ra reaction is derived from the laws of 


conservation of mass-energy and momentum: 


23 = 2 cos O + t so? ) B+ bg a | 1 


R al, 


en „ee eee notéven 6 ee bean sedstoe el eee, la, d 
«pen onde to dab od of aegetasvbaalh et o1xs etedd , deve 
do anougven Ygtene daswol o s8inemiteqze emoe al enoud 


ode aug edt ga taut ,molsoatlh Dawa edd at ,eldsatet 


te a0 Sn a el ede ,noléidbs at .vel CS ote 
% Yrotetodal odd at nofsaime to or délw .wwene setéwon 
ede vow 0.8 to yguene sogoug » da ,olquene ToT „Sn 
% f ge Caen edt ok ven 88h at 0 d Waren noTtueR 
$e selytame aoutven eid eetaluded (fm) ne, „ven IL at 
„ene sooty to egnet eblw a Tn selgas aue r 

S kom edd dd beawae ee ae nende to déod on 


bivow aue Ton segue? reiveed eee eee eee ed? e 


— brew? ed? a2 enortuen ysteme tewol sbivem 
Wege sottwon ot seltsizev seol ests Sax ,blodeerdt od? 
solgtene Le ge gas délw 

ü to Ywtene ed? x02 moleserine gatwaller ed? 
— aor noviaed at aoitones “20(a.q)*4ce ode mont 
e 


„ „ Same ay so 5 ‘ 


r 


r ne i. a * 


+ the 


I. = neutron energy in Kev. 

SD * proton energy in Kev. 

S = angle of emission of neutrons with respect to 
direction of incident proton, in laboratory 
soordinetes. 


Q@ = ©2850 Key (see page 23. 


Prom this expression, the energy of the neutrons 
energing at threshold (Ey * 2.913 ev), ( O = 0), is 1.4 
Kev, one of the largest neutron yields was obtained with 
a proton energy of 2.964 Mev. The energy of these neutrons 
at verious angles is given below: 


2 9° 90° 180° 
En 67.8 Kev 530% Kev 3405 Kev 


| Thus, it is seen that neutrons from seandium can be 
obtained et energies as low as 1.4 Kev, compared to the 
minimum energy of 29 Kev from lithium, For any given ener- 
. neutrons are available from scandium which have less 
variation in energy with angle than those obtained from 
lithium Sinee the absolute yield of neutrons from sean- 
dium was not determined in thie experiment, it is not known 
whether this reaction could be used as a neutron souree in 
work requiring a high flux. 

Taschak and Hemmendinger (T2) measured the absolute 
yield of the 1i7(p,n) Be” reaction, This required a knowe 
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ledge of the actual target thickness, which wes obteined 
from the "geometric peak." Since scandium is heavier, it 
is impractical to measure the "geometric peak, “ and the 
target thickness must be determined by other means, The 
upper limit to the target thickness, discusssd previously, 
includes tie ectual target thickness, the spread in energy 
of the protons, and the actual width of the energy level. 

If one of the peaks were remeasured using a much 
thinner target, and hed a considerably narrower width, then 
the actual target thickness of the original target would be 
known to within the width of the thinner target. Thus, if 
the thicker target had « peak of 5 Kev width, and this peak, 
when remeasured with a thinner target, had a width of 1 Kev, 
then the original target thickness would be 5 + 1 Kev. 

A determination of the yield relative to lithium also 
requires a knowledge of the ectual target thickness, How- 
ever, it is estimated that the neutron yield from seandium 
is many times less then that obtained from lithium, This 
estimate is based on an experimental knowledge of the coun- 
ting rates from the two reactions for different counter 
geonetries, 

Bnergy Leveis: In the pen reaction, a proton of an- 
gular momentum 4 „ and spin 1 + bombards a target 
nucleus of spin I. The veotor channel spin 7 at I oom 
bines with the veotor angular momentum of the proton ¢ , 
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to give the spin F 3 + 2 of the compound nucleus, Since 
a proton has an intrinsic even parity, compound nuclel 
formed from even values of C , will have the sans parity 
as the target nueleus: whereas those formed from odd values 
of , will have the opposite parity. Methenatioally, off- 
genter collisions (C o ) oan be treated in terns of dead 
center collisions, (= 0), by adding a fiotitious "eentri- 
fugal barrier“ term which inereases rapidly with 2 . Yor 
the energies used in this experiment, it was aasuned thet 
the “oentrifugel barrier“ for 2 >/ was 80 large thet the 
probability of forming the compound nucleus wes small, Thus, 

£ gan have the values of 0 or 1. Tue lawa of quantum me~ 
ehanies permit the following values of J: 


For £ = 0 12222124 or 1 . 2, ene parity as 
2 target. 
Por £ = 1s ser, 121 ½½. 1 3 94 


9222 22 1 ½, 1. 4, o T+ 3/2 
opposite parity as target. 


Non-identical quantum states of the compound nucleus 
correspond to different energy levels, If the states having 
the same value of J and C, but different a, ere not identiq 
Gal, there will be a separate energy level for exch of the 
eight combinations shown above, If they are identical, these 
icht combinations result in six different energy levels. 
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By enelosy with apeetroscepy, these six or eight related 
energy states are coneidered « multiplet, and exist for a 
given total quantum number, This total quantum number is 
not defined, but 1 assumed to be ana legeus with the orble 
tel quantum number n in atomis theory. Prem this, it is 
expected that the multiplet would be repeated ae n takes on 
Gifferent vu luss. 

On a single partielle model of the nucleus, it could be 
supposed thet, just before the emission of a neutron, the 
Compound nucleus could be represented by a wave function de- 
soribing the neutron moving in the foros field of the res- 
dual nucleus, This wave function would be characterized by 
the exoitetion energy und the coupling of the enguler no- 
mentum, E „ ond the spin, i, of the neutron with the ree 
@iduel nucleus, Aa the pen reaction is a revereible pro» 
dass, the compound nucleus muct have values of J whieh oan 
be formed not only from « proton und the target, but also 
from « neutron end the residual nucleus, If the spin of 
the residual nucleus were known, the other half of the pro- 
blem could be worked out, end those values of J common to 
both would be the ones setuelly observed, Bowever, both 
of the residue. nucles of this experiment, 4% ena a9, 
have unknown sping, go thet the complete problem cannot be 
worked out. 

If the spacing of the states of a miltiplet were 11 
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compared with the spacing between multiplets, groups of 
six or sight resonence levels might be observed. However, 
there is a very good chance that states of different nult i- 
plets overlap, and also that the single particle pleture 
may not be valid. Preston (P3) diseusses the theory of the 
pen reaction in detail, 

The se”? nucleus has a spin of 7/2 so thet the possiq 
ble J values of the compound nucleus, 21, would be 3 or 4, 
ame perity, and 2, 3, 4, J, 4y 5, opposite parity. From 
Figure 4, it oan be seen that four of the peaks, at 296, 
3019, 3064, and 3106 Kev, are much lerger than any of the 
other peaks. Also, each of these large peaks has a smaller 
peak just above it, and a much smaller pesk, or an indices 
tion of one, just below it. This repeating triplet might 
indicate that each of the large peaks sorrespondsa to e 
particular J value being repeated for different total quan- 
tum numbers, Between the first two large peaks, there are 
nine other peaks; between the next two, there are seven? 
and between the last two, six, The large peaks are ouring 
Gloser together at the higher energies, indicating that the 
multiplet @acing 1e decreasing. Thus, the observed number 
of peaks, twenty-five, if essigned to three mitiplets, agrees 
very closely with the theoretical value of eight per multi-~ 
plet. Table 3 shows the average energy level spacing of 
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71165 as observed from the yield curve (Figure 4). 

The 0177 quoleus has u spin of 3/2, oo that the po- 
ble values of J of the compound nucleus, 488, would be 1 or 
2, sume parity, and 0, 1, 2, 1, 2, Gf 3, opposite parity. 
The yield ourve (Figure 2) was examined in an attempt to 
find a similar repeeting pattern, Although there were many 
large peaks, none of them were conspicuously different from 
the reminder, as was the dase in seandium, A number of 
possible repeating patterns could be picked out from among 
all of the available peaks, One scheme, using « triplet 
Similer to the one in seandium, gave 128 peaks in 14 oultle 
plets. This doesn't agree with the theoretical value too 
well, but it is fairly close, Table % shows the average 
energy level spacing of A2® based on thie scheme, The An- 
tervals were taken between the large center pesks of the 
triplets. 

The proton energy for 2 peak in the yield eurve 18 
known to an acourscy of 0. 11, relative to the measured vale 
ue of the u (pon) threshold, as previously @isoussed. If 
these energies were corrected for motion of the canter of 
mass, loss of anergy in the target, and displacement of the 
peek due to the effect of neighboring peaks, the energy 
levels of the compound nuolei oan be obtelned by adding the 
proton binding energy to the corrested proton kinetic ener- 
gies, ‘The average energy level spacing obtained from the 
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aifferences in the energies of the peaks in the yield curves 
will be accurate, sinoe these corrections will eancel out, 
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1,987 20046 59 ? Tok 
22045 20095 49 6 70 
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